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ABSTRACT 
Assessing Bilingual Knowledge Organization in Secondary Science Classrooms 
Jason S. Wu 
 
Improving outcomes for English language learners (ELLs) in secondary science remains an area 
of high need. The purpose of this study is to investigate bilingual knowledge organization in 
secondary science classrooms. This study involved thirty-nine bilingual students in three biology 
classes at a public high school in The Bronx, New York City. Methods included an in-class 
survey on language use, a science content and English proficiency exam, and bilingual free-
recalls. Fourteen students participated in bilingual free-recalls which involved a semi-structured 
process of oral recall of information learned in science class. Free-recall was conducted in both 
English and Spanish and analyzed using flow-map methods. Novel methods were developed to 
quantify and visualize the elaboration and mobilization of ideas shared across languages. It was 
found that bilingual narratives displayed similar levels of organizational complexity across 
languages, though English recalls tended to be longer. English proficiency was correlated with 
narrative complexity in English. There was a high degree of elaboration on concepts shared 
across languages. Finally, higher Spanish proficiency correlated well with greater overlapping 
elaboration across languages. These findings are discussed in light of current cognitive theory 
before presenting the study’s limitations and future directions of research.  
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Chapter I 
INTRODUCTION 
Right now, we find ourselves in a moment of incredible political and social upheaval. 
Issues such as race and income lie at the heart of much of the turmoil that we are currently 
experiencing. As a result, there has never been a more important time to conduct research 
addressing educational inequity. That is why my research focuses on English language learners 
(ELLs) in secondary science classrooms, an area of great need.   
How far behind are English language learners in science? On a recent nationwide 
assessment of science achievement, average scores for ELLs in the eighth grade were lower than 
every other group as categorized by race, family income, or disability status (U.S. Department of 
Education, 2015). The majority of ELLs are represented by students of Hispanic origin, who 
have been the largest student-minority group since the 1990s, and are growing much faster than 
the nation as a whole (Chapa, 2006). According to the U.S. Census Bureau (2011), the Hispanic 
population grew four times faster than the national average and accounted for more than half of 
the country’s total population growth from 2000 to 2010. This fast-growing demographic is 
dramatically behind in science achievement, and this threatens notions of both educational equity 
and economic progress in this country. Therefore, there is an urgent need for high-quality 
research that will inform the teaching and learning of science to English language learners. 
A broad survey of the literature reveals that most research in bilingual education has 
focused on elementary students, largely ignoring the experiences of older bilinguals (August & 
Hakuta, 1997; Christian, 2001; Ruiz-de-Velasco & Fix, 2000; Janzen, 2008). Furthermore, 
advances in our understanding of bilingual cognition have seldom been applied to the science 
classroom. This dissertation study examines bilingual knowledge organization in ELLs. That is, 
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it looks at how bilingual students organize and recall information in either of their dual 
languages. An interdisciplinary study which builds on the most current understanding of 
bilingual cognition, it involves the assessment of knowledge organization when students recall 
science content in English and Spanish. Survey and achievement data are analyzed to examine 
how in-class use of the native language and varying proficiency levels relate to students’ 
organization of knowledge in both languages. This should contribute to a better understanding of 
language development and content learning in the science classroom, ultimately benefitting 
recommendations of practice. 
Chapter two provides a comprehensive review of literature from bilingual education, 
science education, and cognitive science. Chapter three articulates the theoretical framework and 
three primary research questions for the study. The methodology, results, and discussion are 
provided in chapters four through six. The thesis concludes with chapter seven, which 















 Bilingual education has a long and rich history in the United States. Ovando (2003) 
argues that this history has been shaped by “changing political, social, and economic forces, 
rather than any consistent ideology” (p. 1). Since the country’s inception, oscillating tendencies 
driven by expanding immigration and general xenophobia resulted in policies ranging from 
relative tolerance to linguistic repression (Ovando, 2003). However, these gave way to a stimulus 
in foreign language education catalyzed by the Sputnik space race and the 1958 National Defense 
Education Act, which provided funding for teachers of foreign languages, mathematics, and 
science. Key policy on bilingual education began to take shape starting with the 1964 Civil 
Rights Act, a landmark antidiscrimination law, and later with the 1968 Bilingual Education Act 
(Title VII of the Elementary and Secondary Education Act). However, while this latter piece of 
legislation provided funding for the support of language minorities, it did not provide any 
guidelines for instructional intervention (Ovando, 2003).  
A mandate on instructional intervention arose out of the Supreme Court case Lau v. 
Nichols (1974). Widely considered the single most important decision affecting ELLs, Supreme 
Court justices concluded that simply providing immigrant students equal educational treatment 
did not constitute equal educational opportunity, and therefore violated their civil rights 
(Ovando, 1977). This historic case strongly affirmed the civil rights of language minorities, had 
the effect of eliminating sink-or-swim submersion practices, and brought the need for bilingual 
education to the forefront of national discussion (Ovando, 2003). 
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It is important to note that while Lau v. Nichols set a precedent requiring schools to take 
affirmative steps to address the needs of ELLs, it also left open a range of programs that could 
fulfill such a mandate. This was clarified with the decision of Castañeda v. Pickard (1981), a 
lawsuit on the behalf of parents of Mexican students against the school district in Raymondville, 
Texas. Considered after Lau to be the second most important court case regarding ELLs, it 
established guidelines for determining whether or not schools were taking “appropriate action” to 
meet the needs of ELLs (Lyons, 1992, p. 24). Known as the “Castañeda test”, these specified 
that (a) school programs must be grounded in sound educational theory, (b) adequate resources 
and personnel must be provided to successfully implement those programs, and (c) programs 
must be producing successful results, not only in language but also in content areas such as math, 
science, and social studies, or else they should be abandoned or modified (Lyons, 1992; Ovando, 
2003). This framework has been used for program evaluation and legislative enforcement for 
many years, and continues to provide the basis for supporting ELLs in secondary science 
classrooms. 
While the 1960s and 1970s gave birth to bilingual education, the 1980s saw the inception 
of the English-only movement still in force today. The English-only movement represents a 
mostly political battle characterized by fierce opposition to bilingual education. One of the most 
prominent supporters of the movement was “U.S. English,” which gained momentum in 1983 
(Fitzgerald, 1993). The debate that ensued revolved around immigration policy, the effectiveness 
of bilingual education, and language ideology. As a result of these political battles, several states 
have enacted legislation against using native language instruction for ELLs. Though there has 
also been contentious debate over bilingual program evaluation, large-scale longitudinal study 
and rigorous meta-analysis of extant literature has shown that language minorities benefit from 
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native language instruction (Greene, 1998; Ramirez, Yuen, & Ramey, 1991; Rolstad, Mahoney, 
& Glass, 2005; Slavin & Cheung, 2005). English-only policies demonstrate that “decisions 
concerning the use of language in the classroom are frequently not based on findings related to 
best practice in education,” and that “such decisions are often made on political rather than 
educational grounds” (Rollnick, 2000, p. 93).  
The political nature of bilingual education makes it important to consider the current 
context of immigration and language policy when examining students’ native language (L1) use 
in science classrooms. Researchers have argued that such politicization highlights the importance 
of basic research in bilingual education from psycholinguistic and cognitive perspectives 
(August & Hakuta, 1997). Overall, empirical investigation in older students’ L1 use in science 
learning will fulfill this need for basic research and help close gaps in the current knowledge 
base. Furthermore, the increasing relevance of immigration and language policy highlight a 
particularly urgent need for such work. 
The Science Achievement of English Language Learners 
During the 2012-13 school year, about 4.4 million public school students were designated 
as ELLs, representing about 9.2 percent of the student population (Kena et al., 2015). The 
majority of ELLs are represented by students of Hispanic origin, who have been the largest 
student-minority group since the 1990s, and are growing much faster than the nation as a whole 
(Chapa, 2006).  
One measure of ELL achievement in science is given by the National Assessment of 
Educational Progress (NAEP), which measures nationally representative performance on various 
subjects. For the 2015 assessment in science, a nationally representative sample of about 237,300 
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students were assessed in physical, life, and Earth and space sciences in the 4th, 8th, and 12th 
grade (U.S. Department of Education, 2015, see Table 2.1). 
Comparison with 2009 results shows some positive signs, including statistically 
significant improvement amongst ELLs in grades 4 and 8, and narrowing achievement gaps 
between ELLs and non-ELLs (U.S. Department of Education, 2015). However, trends remain 
largely unchanged: Students designated as ELLs performed worse than every other group as 
categorized by race, family income, or disability status. Importantly, there is widening disparity 
at the secondary level, and ELL students in grade 12 did not show statistically significant 
improvement when compared to 2009 results (U.S. Department of Education, 2015). 
It is important to point out that some researchers have questioned the validity of using 
such standardized tests to assess ELLs on linguistic and cultural grounds (Butler, Stevens, & 
Castellon, 2007; Kieffer, Lesaux, Rivera, & Francis, 2009; Solano-Flores, & Nelson-Barber, 
2001). For example, the linguistic demands standardized assessments may prevent an accurate 
assessment of science content knowledge. However, given such wide disparities in their 
achievement, it is more conservative to assume that these results do reflect significant 
underachievement in science. As a result, improving the science education of ELLs presents a 








             
Results from the 2015 Science NAEP 
  Grade 4  Grade 8  Grade 12 
Student characteristic 



























Total  154 76 38  154 68 34  150 60 22 
White  166 88 47  166 82 47  160 72 27 
Black  133 54 11  132 41 12  125 30 4 
Hispanic  139 62 14  140 52 18  136 44 9 
Asian/Pacific Islander  167 86 45  164 79 47  166 74 36 
American Indian/Alaska 
Native  139 62 17  139 52 16  135 42 13 
Student with Disability  131 53 18  124 34 11  124 29 9 
English Language Learner  121 41 9  110 19 2  105 14 2 
Note. Results are reported on a standardized scale (range: 0-300, µ = 150, σ = 35). Attainment of Basic and Proficient achievement 







The Science Education of English Language Learners 
Early reviews on the science education of ELLs were first to highlight a need for further 
research on student L1 use in secondary science. Rollnick (2000) noted that the role of language 
has become an increasingly important consideration when discussing science learning. Her 
review described a shift away from skills-based acquisition to building understanding through 
authentic practice. A larger review by Okhee Lee (2005) found growing support for capitalizing 
on bilingual students’ extant linguistic and cultural resources for science learning. A consistent 
finding throughout her review was the need to provide spaces in which different discourses could 
come together in the science classroom (Lee, 2005). These findings laid a general foundation for 
more explicit support of L1 usage today.  
More recently, research has focused on the integration of content and language 
instruction to support ELLs in science instruction. This is generally articulated as the 
development of ELLs’ language and literacy skills while engaging in authentic inquiry-based 
practices (Lee, Quinn, & Valdez, 2013; Llosa et al., 2016). Sizeable intervention studies 
conducted in grades K-6 provide evidence supporting content and language integration (August 
et al., 2014; Lara-Alecio et al., 2012, Llosa et al., 2016; Maerten-Rivera, Ahn, Lanier, Diaz, & 
Lee, 2016; Zweip & Straits, 2013). All of these studies except one (Zwiep & Straits, 2013) 
included some home-language supports, such as clarifications or translations of key vocabulary 
terms in the L1. However, these studies mostly focus on primary students and often do not cite a 
coherent theoretical basis to underpin recommendations of content and language integration. 
It is important to note here the vast body of research supporting bilingual education in the 
form of transitional and dual-language programs (Baker, 2011; Greene, 1998; Ramirez, Yuen, & 
Ramey, 1991; Rolstad, Mahoney, & Glass, 2005; Slavin & Cheung, 2005). Such programs often 
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support content-area instruction in the L1 while developing students’ academic English language 
proficiency. Although bilingual education has strong theoretical and empirical foundations at the 
primary level, much of this research has not been effectively translated to secondary science 
education.   
In order to investigate L1 use amongst older students, Wu, Mensah, and Tang (under 
review) conducted a mixed-methods study of secondary science ELL classrooms in New York 
and Singapore. In New York, they examined a 9th grade introductory biology class where the 
dominant L1 was Spanish. In Singapore, they examined three 7th grade general science classes 
where the dominant L1 was Chinese. In both contexts, students were recent immigrants with low 
English proficiency. They found that the L1 was frequently used for learning scientific content 
based on observations, teacher and student interviews, and student survey data. However, L1 use 
was seen by some students as a hindrance to the acquisition of English. They suggest that these 
findings reflect a content-language tension between competing goals of content learning and 
language acquisition.  
Mason (1988) first described this as a didactic tension between the form and substance of 
what is being taught. For ELLs, at issue is whether content understanding forms a basis for 
acquiring the language of science, or whether learning scientific English provides the tools 
necessary for content learning. There is some evidence that overemphasis on explicit instruction 
of scientific English can be problematic (Bruna, Vann, & Escudero, 2007). Some researchers 
advocate for a content-first approach, which prioritizes the learning of science content in order to 
provide a conceptual basis for the acquisition of scientific language (Brown & Ryoo, 2008; 
Brown & Spang 2008; Lee, Quinn, & Valdes, 2013; Quinn, Lee, & Valdés, 2012). On the other 
hand, the complexity and nuances of scientific language have been used as a rationale for the 
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direct targeting language objectives (Snow, 2010; Wong Fillmore & Snow, 2000). This 
encompasses explicit language instruction geared specifically towards ELLs, including 
vocabulary instruction and the teaching of scientific discourse features. Overall, how much 
emphasis to place on direct language instruction rather than acquisition through practice is still 
considered an outstanding question in the field.  
A cognitive science perspective may help answer questions about content learning and 
language use. The assessment of bilingual knowledge organization examines underlying content 
and concepts that may be shared across languages. Concurrent assessment of language 
development could help clarify the relationships between content learning and language 
development. Such an approach has been largely neglected in current research in ELL science 
education and would provide valuable insight into how language use may influence classroom 
learning. In the next chapter, I provide an overview of relevant literature concerning bilingual 
cognition.  
Bilingual Cognition 
Bilingual cognition research is informed by studies which use imaging techniques or 
verbal tasks to study brain function. This chapter reviews areas relevant to L1 use in science 
learning, including the extent of separation between language systems in terms of neural 
representation and the organization of lexical, semantic, and conceptual systems. I additionally 
review research in knowledge networking and conceptual organization in science education. 





The Convergence of Language Systems in Bilingual Cognition 
 Of particular interest is the extent of integration and separation of language systems in 
bilinguals. This is because understanding cross-language interaction could help inform on the use 
of multiple languages in learning science. In the extreme case of separation, learning in one 
language would show little to no transfer to the other language. In the extreme case of 
integration, what one learns in one language would be fully accessible in the other. Overall, 
support has shifted from a separation of language systems to an interacting system where the 
degree of interaction is mediated by factors such as language proficiency, age of acquisition, and 
second language (L2) exposure. There is strong evidence showing increasing language 
proficiency results in greater cognitive overlap and interaction, referred to as convergence. 
Background.  Early hypotheses about the organization of multiple languages were drawn 
from studies of bilingual aphasics (Paradis, 1983). In many cases, patients suffering from aphasia 
due to brain injury or surgery would experience differential loss between languages (April & 
Tse, 1977). Cases where only one language was significantly impacted suggested distinct 
neurological organization of languages. Differential patterns of recovery, where one language 
recovered faster than the other, also lent support to this perspective. While these studies spurred 
research seeking to clarify the nature of this separation, they were confounded by aphasic 
patients who experienced deficits in both languages or had differential levels of language 
proficiency in either language.  
  Support for the separation of language organization also came from studies that used 
electrostimulation techniques to map language sites on the brain. Often, these studies were 
performed in conjunction with brain surgery in the treatment of epilepsy. Ojemann and Whitaker 
(1978) used electrostimulation on two bilinguals and examined the resulting interference on the 
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naming of objects in either language. It was found that stimulation at some sites resulted in 
interference of both languages, while other sites would result in interference in only one of the 
two languages. These results show both distinct and overlapping cortical representation of the 
second language. The authors also point out that “each patient's second language […] seems to 
be represented in a wider area of cortex than the patient's primary language” and use this to 
suggest that increased language proficiency results in a more compact neurological 
representation of that language (Ojemann & Whitaker, 1978, pp. 412). In this way, Ojemann and 
Whitaker hypothesize convergence early on in the debate over language separation.  
Evidence from functional imaging studies. The advent of functional imagining marked 
a great advance in the ability to clarify this debate. Imaging methods such as positron emission 
tomography (PET), functional magnetic resonance imaging (fMRI), and electroencephalography 
(EEG) have been used in conjunction with bilingual language tasks to determine the localization 
of dual languages.  
 Dehaene and colleagues performed an fMRI study on moderately proficient late French-
English bilinguals (Dehaene et al. 1997). Scans were taken while participants listened to native 
and second language audio recordings. Consistent with previous findings, the authors report 
strong activation of the left temporal lobe (LTL) for both the L1 and L2. Second language scans, 
however, revealed greater inter-subject variability than the native language. These findings 
detailed by fMRI neuroimaging methods reflect a general pattern found in other imaging studies: 
L2 activation in general still shows LTL activation, but with a wider distribution of overall 
activation including increased activity in the right hemisphere (Chee, Hon, Lee, & Soon, 2001; 
Marian et al., 2007; Marian, Spivey, & Hirsh, 2003). Moreover, there is mounting evidence to 
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support that this variation in L2 activation is mediated by language proficiency and age of 
acquisition.  
Chee and colleagues compared Chinese-English bilinguals in Singapore using fMRI 
during a semantic task (Chee, Hon, Lee, & Soon, 2001). One group comprised of native 
Singaporeans exposed to both languages before the age of five who more proficient in English. 
The second group comprised of native Chinese who were exposed to English after the age of 12 
and were more proficient in Mandarin Chinese. These two groups were examined because of the 
differences in proficiency between their two languages as well as their differing ages of 
acquisition. It was found that participants with lower L2 proficiency showed more distributed 
neurological representation. While this does not isolate the effect of language proficiency from 
age of acquisition, there is consistent evidence that language proficiency is more important 
(Abutalebi, Cappa, & Perani, 2001, 2009).   
 While there is growing evidence of the convergent neurological function associated with 
L2 development, a variety of research has revealed potentially cofounding results. For example, 
some studies have not found such differentiation between early and late bilinguals (Chee, Tan, & 
Thiel, 1999). Other studies have revealed that language proficiency may not only affect 
localization, but also the level of neural activity in general (Chee et al., 2001). Higher levels of 
activation mediated by lower language proficiency on any particular task may confound 
interpretation of results seeking to compare participants of varying age of acquisition. 
Additionally, one study examining L1 activation during an L2 task suggests that unconscious 
translation may mediate second language comprehension (Thierry & Wu, 2007). The activation 
of L1 during an L2 task may lead to incorrect interpretation of language localization and may be 
a problem especially for lower proficiency participants.   
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 Different aspects of linguistic processing are likely to be differentially shared. 
Neurological imaging studies suggest semantic processing may be especially shared (Illes et al., 
1999). This seems reasonable given that languages usually differ in aspects of phonology, 
syntax, and morphology, but may access a unified conceptual network underlying semantic 
processing.  
Next, I review evidence from studies that use behavioral measures on linguistic tasks to 
probe the degree of separation or interaction between dual languages. Evidence from this domain 
also supports that increased language proficiency results in a higher degree of interaction 
between languages, especially in semantic processing. 
Evidence from psycholinguistic studies. Similar to the field of cognitive neuroscience, 
psycholinguistic studies were conducted to determine whether bilinguals accessed shared or 
independent language systems. Here, it has been important to not only distinguish factors such as 
language proficiency and age of acquisition, but also distinguish linguistic-cognitive constructs 
such as semantic and syntactical knowledge.  
Early on, studies supporting independent language systems provided fodder for initial 
debate. Scarborough, Gerard, and Cortese (1984) examined lexical access by asking participants 
to identify non-target language words as if they were non-words. For example, if a participant 
were an English/Spanish bilingual, they would classify Spanish words as non-words when 
reading from a list of English words and non-words. It was found that bilinguals were able to 
process words in a language-specific manner without interference or priming from a second 
language. However, these results may reflect surface level executive processing associated with 
language-specific orthographies (Francis, 1999). Thus, orthographical information affecting 
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lexical access may function independently of each other, but this does not support the full 
independence of dual language processing. 
 In a similar study, Gerard and Scarborough (1989) investigated priming effects using a 
lexical-decision task where participants looked for words in a target language. It was found that 
non-cognate translations (translation equivalents which differ in spelling) did not result in 
facilitation during the task, but cognates (words with similar spelling) or homographic non-
cognates (words with identical spellings but differing meanings) did. The authors use these 
findings to support that languages are represented independently in separate lexicons. However, 
similar to the study above, this seems to be principally related to orthographic information, and 
does not necessarily indicate fully independent language systems (Francis, 1999). For this 
reason, distinguishing levels of linguistic knowledge is important in determining cognitive 
overlap of language systems. Certain aspects of language like orthography, syntactical 
information, and phonology are in general different across languages and may be processed more 
independently.  
 Semantic and conceptual integration. In contrast, semantic and conceptual systems 
seem to be especially shared and integrated. It is appropriate to distinguish here concepts, 
semantic information, and lexical information. Concepts are the most general, and refer to 
“stable units of knowledge in long-term memory that represent meaningful sets of entities in the 
world and provide the elements out of which more complex thoughts are constructed” (Malt et 
al., 2016, p. 292). Semantic information refers to word meanings that may be considered specific 
subsets of concepts (Francis, 2005). More specific still, lexical information refers to the words 
themselves and includes phonological, morphological, orthographical, and syntactic information 
(Francis, 2005).  
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Various reviews of literature strongly support interaction and sharing of semantic systems 
across languages (Francis, 1999, 2005; French & Jacquet, 2004). Studies involving the 
memorization of mixed-language lists consistently show underlying semantic organization 
during recall as measured by priming, interference, and organization of recall (Francis, 1999; 
Francis, 2005). Semantic meaning learned in one language can effectively prime processing and 
recall in a different language (Francis, 1999, 2005). It is important to note that translations are 
not necessarily completely equivalent and carry with them differences such as connotation, 
frequency of usage, and context of acquisition (Dalrymple-Alford & Aamiry, 1970). Cross-
linguistic differences must be taken into account, as variations in domains such as color, body 
parts, motion, and direction illustrate that words can not fully represent underlying concepts 
(Malt, 2013). For this reason, conceptual representations are likely to be more generally shared 
than semantic meanings. 
Recent work is beginning to shed light on how factors such as language proficiency and 
age of acquisition affect this semantic sharing. For example, one study which asked participants 
to rank words within and across languages based on “semantic closeness” found that advanced 
L2 learners tended to display greater cross-language integration on the task (Dong, Gui, & 
Macwhinney, 2005). This supports a convergent, asymmetrical model of bilingual semantic 
organization, where less proficient L2 learners are highly dependent on their L1 for conceptual 
representation, but gradually develop direct conceptual access in their L2 (Dong, Gui, & 
Macwhinney, 2005).  
In a study of differences based upon age of acquisition, Gathercole and Moawad (2010) 
examined semantic interaction between languages in early and late bilinguals. Using words with 
varying degrees of application (wider vs. narrower application) in either language, interaction 
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was measured by whether degree of application was incorrectly transferred across languages 
(Gathercole & Moawad, 2010). It was found that while early bilinguals showed two-way 
interaction of semantic structure, late bilinguals’ interaction was only in the direction of L1 to 
L2. This suggests that when compared to late bilinguals, early bilinguals who are more fluent in 
both languages show more transfer of meaning between languages and that cross-language 
semantic interaction increases with lower age of acquisition of the second language.  
Summary. Neuroimaging and psycholinguistic studies suggest that bilingual language 
systems display increasing overlap and interaction with lower age of acquisition and higher 
proficiency in both languages. For application to the ELL science classroom, a knowledge 
networking model of science learning (a system of mapping cross-linking of semantic content 
among utterances) will provide a methodological basis. This is reviewed in the next section.  
Neurocognitive Model of Science Learning 
 Aside from advancements in understanding bilingual cognition, neurocognitive research 
has also provided a basis for understanding knowledge structure and organization in science 
learning. Such models are based on biologically plausible mechanisms of connectionist learning. 
A well-established paradigm of knowledge networks provides a model of cognitive organization 
that is based on the current understanding of neurocognitive processes (Anderson 1991, 1992, 
2013; Lawson 2003). In this section I briefly review neurocognitive function, the assessment of 
knowledge networks, and how this may inform a methodology of studying bilinguals in science 
learning. One method in particular, flow-map analysis, is used in this study to assess linguistic 
overlap and the influence of L1 use in knowledge organization. 
Networked knowledge in science learning. The basic unit of neural function is the 
neuron. Networks of neurons connected via synaptic transmission are currently thought to be the 
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structure underlying cognition and brain function (Johnson & de Haan, 2011). Models of 
connectionist learning are based on neural networks, where varying strengths of connections 
between nodes (neurons) can lead to associations of inputs and outputs (learning). The frontal 
lobe provides executive function which mobilizes, organizes, and manipulates information 
(Anderson 2014; Lawson, 2003). Together, these mechanisms provide the basis for theories that 
consider knowledge as instantiated and organized in a networked fashion. 
  Knowledge networks have seen wide application across many fields dealing with 
learning and educational psychology. The most common of these is in the use of concept 
mapping in teaching and learning, which has found broad support as an instructional aid (Nesbit 
& Adesope, 2006). One method, flow map analysis, allows for assessment and characterization 
of knowledge networks from oral narrative recall (Anderson & Demetrius, 1993). It is a way to 
measure individual differences in network density and conceptual organization based on 
sequential and recursive linkages between ideas as evidenced in oral free recall and recorded as 
verbal transcripts.  
Flow maps provide a representation of sequential and network linkages in an individual’s 
knowledge structure (Anderson & Demetrius, 1993). In order to create a flow map, individuals 
are asked to recall information about a topic, with particular emphasis placed on 
interrelationships between concepts. The resulting narrative is analyzed for the number of 
sequential and recursive linkages between concepts.  
This can be performed with high reliability amongst multiple raters (Anderson & 
Demetrius, 1993; Anderson, Randle, & Covotsos, 2001). The extent of recursive networking 
provides an indication of complexity and density in an individual’s knowledge structure. Well-
elaborated knowledge networks show high numbers of recursive linkages, which have been 
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shown to correlate with other measures of learning such as inquiry lab performance and 
traditional multiple choice tests, supporting flow-maps as a valid assessment of the quality and 
robustness of an individual’s knowledge network (Anderson, 2009; Anderson, Randle, & 
Covotsos, 2001).  
This is consistent with processes of dynamic recall, with executive processes 
coordinating and mobilizing prior knowledge from long term memory into the working memory 
(Anderson, 2009; Lawson 2003; Lawson 2004). Furthermore, frontal lobe activity has been 
shown to provide a basis for the development of scientific reasoning skills and conceptual 
learning (Kwon & Lawson, 2000; Kwon, Lawson, Chung, & Kim, 2000). Given the evidence 
supporting flow-map analysis as valid indicators of knowledge organization and the role this 
plays in science learning, it provides a promising tool for assessing the organization and structure 
of semantic and conceptual networks of ELLs. In the next chapter, I outline the theoretical 













THEORETICAL FRAMEWORK AND RESEARCH QUESTIONS 
Theoretical Framework 
 The theoretical framework for this study has two components. The first is comprised of 
the language learning theories of Jim Cummins. The second component is comprised of theories 
of bilingual cognition and knowledge networking. Cummins (1980, 1991) was first to posit a 
common underlying proficiency for bilingual students, which assumes that skills and knowledge 
are transferrable between dual languages. In this paradigm, use of the L1 and L2 is characterized 
by interaction and interdependence. Cummins (1979, 1981) also distinguished between cognitive 
academic language proficiency (CALP) and basic interpersonal communicative skills (BICS). 
He observed that though ELLs could develop oral communicative fluency in the L2 relatively 
quickly, many still struggled with academic language. Taken together, his theories have been 
used to highlight the need for instruction in the native language while transitioning students 
develop their English CALP (Collier, 1987; Cummins, 2008; Hakuta, Butler, & Witt, 2000). 
 Research outlined in the previous chapter provides support for a theory of bilingual 
cognition summarized here. In terms of cognitive function, first and second languages do overlap 
and interact. Interaction is seen to be greatest when both languages are learned at an early age to 
a level of high proficiency. Evidence for this is seen in a wide range of functional imaging and 
psycholinguistic studies. Interaction is likely greater for semantic and conceptual information, 
which may not be as language-specific as orthographical, phonetic, or syntactical information. 
Here, this suggests that scientific concepts are more likely to be shared across languages than 
their surface language features. 
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 Consequently, it is important when assessing dual language use and evidence of its 
cognitive structure to have a system that adequately captures both the semantic and conceptual 
aspects. When students freely recall knowledge, flow map analysis provides a representation of 
their knowledge structure that includes semantic and conceptual dimensions. High levels of 
recursive linking indicate more complexly organized knowledge. For this study, flow map 
analysis is applied in a bilingual paradigm. To my knowledge, this has not been done before. 
Flow maps in the L1 and L2 allow for the comparative assessment of knowledge organization in 
each language, providing a representation of conceptual overlap when students recall equivalent 
concepts and content words in both languages.  
Research Questions 
The purpose of this study to investigate how language use and proficiency relate to cross-
language transfer and conceptual overlap by employing flow map analysis in a bilingual 
paradigm. The data collected inform on the validity of this approach and provide initial 
exploratory findings. Here are the specific research questions guiding this study: 
1.! What are the characteristics of in-class L1 discourse? 
 
2.! Is there any evidence of conceptual sharing/transfer when recall of information is 
performed in both the first and second language? 
 
3.! What relationships are observed between various measures of language use, language 
proficiency, academic achievement, and knowledge organization? 
 
The first research question is intended to provide context on students’ language use and 
proficiency in the science classroom. Observing differences in semantic organization across 
varying contexts of language use could contribute to a more in-depth understanding of bilingual 
learning as students transition to a second language. The second research question serves to test 
Cummins’ (1980, 1991) theory of language interdependence, a longstanding paradigm in 
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bilingual education, using the most current and comprehensive understanding of bilingual 
cognition. Finally, exploring relationships amongst variables of language use, language 
proficiency, academic achievement, and knowledge organization can be used to evaluate the 
validity of the instrumentation and the theoretical framework. Addressing the third question also 






















A quantitative study was conducted in three secondary science classrooms. Institutional 
Review Board approvals can be found in Appendix A and B. This chapter details the context and 
setting, classroom treatment, instrumentation, free-recall protocol and analysis, and statistical 
methods of the study. 
Context and Setting 
The study took place during the Spring 2016 semester and lasted about four and half 
months. It took place at a public high school located in The Bronx, New York City. The student 
body at the school is about 71% Hispanic and 25% African American, while the remaining 4% is 
evenly distributed amongst White, Asian or Pacific Islander, Native American, and multiracial 
ethnicities. About 88% of students are eligible for free or reduced-price lunch, and 27% of 
students are designated as ELLs. 
Three introductory biology classes taught by the same teacher were selected. The teacher 
was an African-American woman who had worked as a biological researcher for seven years 
before becoming a teacher. This was her fifteenth year in the classroom. The classroom teacher 
was explicitly supportive of L1 use in the classroom, occasionally using some Spanish phrases in 
her dialogue with students. However, the teacher was not fluent in Spanish and generally was 
unable to teach or understand classroom content in science.  
Two of the classes were 9th grade, and one class was 10th grade.  All three classes were 
geared toward the Living Environment Regents Exam, an end-of-course standardized 
examination required for graduation. The 10th grade class focused on similar content to the 9th 
grade classes but at a more challenging level. The three classes contained a total of 57 students. 
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Of these, 39 considered themselves Spanish-speaking bilinguals. The rest were predominantly 
monolingual English. Although data regarding designation as ELL status were not available, the 
majority of the bilingual students were fully transitioned to English and were highly proficient in 
English, based on observation, assessment, and survey data. These are detailed further in the 
results section. 
Instrumentation 
 A researcher-created survey was used to assess self-reported language proficiency, 
measures of in-class language use, and beliefs and opinions regarding language use in science 
learning (Appendix C). The survey contained 28 questions in Likert scale format and asked 
students to rate their frequency of in-class L1 use and agreement with statements on how this 
may influence their learning. 
Before the study, all survey items were presented to experts in the fields of psychological 
measurement, science education, and bilingual education for content validation. The survey was 
also reviewed by a native Spanish speaker for accuracy of translation. Surveys for non-Spanish 
bilingual students (Appendix D) and monolingual students (Appendix E) were also administered 
for consistency across students.  
A science content exam was administered before and after the study to assess background 
knowledge and learning growth during the year. The science content exam was an excerpt of the 
2015 Living Regents Exam (Appendix F). The exam is available in both Spanish and English, 
and these were combined to create a bilingual version of the exam consisting of 30 multiple-
choice questions with English and Spanish translations presented side-by-side.  Additional 
measures of achievement were obtained from in-class performance on multiple choice quizzes 
and exams. To provide an additional measure of English language proficiency, an English 
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assessment was administered (Appendix G). The assessment assesses basic English grammar and 
vocabulary. 
Free-recall Protocol and Analysis 
 To obtain evidence of knowledge organization, students were asked to recall information 
learned in class using a method of semi-structured free-recall; that is, without extensive verbal 
prompts or structured cues, but with a predetermined and limited set of response-eliciting 
questions (see Appendices H-K). Students were asked to volunteer to participate in individual 
free-recalls, which took place throughout the semester. A total of 14 students participated, each 
performing an average of three free-recall sessions periodically spaced from late February to 
early May. 
During the protocol, students were asked to freely recall knowledge of a specified topic. 
The topics were the cell, human impact on the environment, cellular reproduction, and human 
reproduction, which were all topics covered in the Living Environment curriculum and tested on 
the Regents exam (Appendices H-K, respectively). With each topic, a diagram or visual aid was 
provided to assist in recall. To create the visual aids, a web-search was used to find images 
aligned with in-class content. The images were then modified to have English and Spanish 
labels. After a brief introduction, the researcher asked three structured questions with adequate 
time between them to elicit recall during the protocol.  
 Students were asked to recall information in both English and Spanish. Recall occurred in 
one language, came to a conclusion, and then would occur again in the other language. On 
average, recall in each language lasted roughly 6-8 minutes. All instructions, questions, and 
materials were translated into both languages. To control for order effects, recall order (English 
or Spanish first) was randomly varied for each student. At times, students had difficulty recalling 
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science-content information in Spanish. When students asked for a translation of a word, the 
researcher provided it. Otherwise, the researcher provided minimal input during recalls, aside 
from the guiding questions. Students occasionally made use of English science words during 
Spanish recalls, presumably when students had difficulty discussing science in Spanish. 
However, the researcher generally discouraged this and it does not represent a large portion of 
the data. 
 Free-recall narratives were audio recorded, transcribed, and translated by the researcher, 
who is fully proficient in Spanish. Analysis followed previously established protocol (Anderson 
& Demetrius, 1993). Each narrative was segmented into individual discourse units, which are 
equivalent to independent sentences or minimally clauses. When a discourse unit refers to a 
previously mentioned idea or concept, a recursive linkage is drawn to the discourse unit where it 
first occurred. 
This process is continued for the entire narrative and a sum total of recursive linkages is 
obtained. This total is divided by the number of discourse units to provide a mean recursive 
linkage coefficient, which provides a measure of complexity for the narrative.  As mentioned 
earlier, this has been shown to provide a robust assessment of an individual’s knowledge 
network and is predictive of the accuracy and amount of knowledge recalled as well as 
application in higher order thinking skills (Anderson, 2009; Anderson, Randle, & Covotsos, 
2001; Tsai & Huang, 2002). Paired narratives from the same individual are flow-map analyzed in 
Figures 5.1 and 5.2. 
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Figure 5.1. Spanish narrative with flow-map analysis. This narrative contains 15 discourse units 
with 15 recursive linkages. The mean recursive linkage coefficient is then 15/15 = 1. 
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Figure 5.2. English narrative with flow-map analysis. This narrative contains 15 discourse units 
with 13 recursive linkages. The mean recursive linkage coefficient is then 13/15 = .87. 
 
Individuals’ paired English and Spanish free-recall narratives were analyzed for 
conceptual overlap using a researcher-developed protocol. Starting with English, each discourse 
unit that was recursively mentioned was coded as a network node. These were usually signaled 
by a science content word (e.g., deforestation). The number of recursive linkages to each node 
was noted. Then, the paired Spanish narrative was also analyzed in this fashion. Nodes which 
were signaled by translation equivalents (e.g., deforestation and deforestación) or were deemed 
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equivalent concepts were considered overlapping nodes. Nodes which did not appear in the other 
language were considered non-overlapping nodes.  
The number of overlapping recursive linkages was divided by the total number of 
recursive linkages to provide a proportion of overlapping recursive linkages for each language. 
The average of this was taken to provide one overlap measurement per pair of bilingual 
narratives. To reiterate, separate overlap measurements were calculated for both English and 
Spanish narratives and revealed useful comparisons. The average of these two overlap 
measurements was also for paired bilingual narratives focusing on one topic. This was used for 
correlation analysis. 
It is important to note that a similar measurement can be obtained from overlapping 
nodes. However, examining overlapping recursive linkages rather than nodes should characterize 
cross-language overlap at greater depth of cognitive processing. In contrast, examining 
overlapping nodes would only provide a measurement of overlap of surface-level content 
domains, because this would be based on individual word elements, not the semantic and 
conceptual relationships as indicated by cross discourse unit linkages. An example of 









Table 5.1   
   
Overlapping Recursive Linkage Analysis     
 Recursive Linkages 
Node English Spanish 
Deforestation 3 2 
Trees 3 3 
Pollution 3 3 
Animals 1 2 
Asthma 1 0 
Overpopulation 1 0 
Transportation 1 0 
Humans 0 2 
Oxygen 0 1 
Paper 0 1 
Smoke 0 1 
Total recursive linkages 13 15 
Overlapping recursive linkages 10 10 
Proportion of overlapping recursive linkages 0.77 0.67 
Note. Average recursive linkage overlap 0.72 
 
Statistical Methods 
 All quantitative data were entered into SPSS for analysis. The data included survey 
Likert-type data, self-reported language proficiency measures, categorical variables identifying 
class period, group type, and gender, assessment and achievement data, and free-recall data. 
Based on tests for normality, the data were not sufficiently normally distributed to use parametric 
statistics; therefore, non-parametric tests were used. The Wilcoxon Signed-Rank test was used to 
compare paired bilingual free-recall data. Spearman rank-order correlation was used to determine 
correlation between free-recall, survey, and achievement variables. A critical level of α=0.05 was 
used for all statistical tests to control for Type-1 error rates.  
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Summary Diagram of Methods 
In order to summarize the research design, a diagram of the study’s methods is presented 
in Figure 5.3.  Three biology classes participated with thirty-nine bilingual students all-totaled. 
All thirty-nine students were given a demographic survey, science content exam, and English 
proficiency exam. From these, fourteen bilingual students were chosen for bilingual recalls to 
determine the overlap of recall of science content between the two languages. Wilcoxon Signed-
Rank Test was computed for cross-language differences. Spearman correlation were computed 
for correlations between survey items and flow-map measurements. 
 
 





 The results addressing each research question are presented in this chapter. For research 
question 1, in-class Spanish use was mainly for social rather than academic purposes, and most 
students were fully transitioned ELLs with high English proficiency. For research question 2, 
bilingual free-recalls provided evidence of conceptual overlap and transfer between languages of 
science content learned in-class. For research question 3, statistical analysis revealed several 
important relationships: Self-reported measures of English proficiency were positively correlated 
with knowledge organization in English as measured by mean recursive linkage coefficients. 
Self-reported measures of Spanish proficiency were positively correlated with conceptual 
overlap as measured by recursive overlap coefficients. Full details are given below according to 
each research question. 
Research Question 1: What are the characteristics of in-class L1 discourse? 
 Appendix L contains full survey results, but key findings are highlighted here. Survey 
data from bilingual students (n = 38) support that in-class L1 usage was predominantly used for 
social chatting rather than academic purposes. Table 6.1 shows frequency data for key survey 
questions regarding in-class L1 use. A majority of students reported using Spanish in science 
class less than one a week. Similarly, students mainly disagreed with the statement “using 
Spanish helps me in the science classroom.” However, most students do report that their 
classmates “use Spanish in social chatting” at least once a week or more. When asked “How 
comfortable are you using English,” 35 of 38 students (92%) responded “Comfortable” or “very 
comfortable.” In contrast, only 22 of 38 students (58%) responded similarly for Spanish (see 
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Figure 6.1). On the English proficiency exam, the bilingual students achieved an average of 79%, 
also revealing high levels of English proficiency. This is discussed further later in this chapter. 
Table 6.1    
    
Survey Results on Language Use       
     
Question 
Never or Less than 
once a week 
1-4 times 
a week 
1-3 times day 
or More 
I use Spanish in science class. 79% 11% 11% 
I use Spanish to explain something to someone else. 76% 13% 10% 
I use Spanish when thinking about science. 87% 8% 5% 
My classmates use Spanish to explain things to each other. 66% 18% 16% 
My classmates use Spanish in social chatting. 29% 21% 50% 
    
 
Strongly Disagree 




Using Spanish helps me in the science classroom.  71% 13% 16% 
Using Spanish helps me learn new words in science.  63% 21% 16% 
My teacher supports the use of Spanish.  21% 42% 34% 
My classmates support the use of Spanish.  13% 32% 56% 
I know many science words in Spanish.  66% 18% 16% 
It is easy to discuss science in Spanish.  60% 21% 18% 
Note. Survey sample size was n = 38. Values rounded to nearest percent and may not total to 
100%. Values equal to or greater than 50% are in bold. 
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Figure 6.1. Self-reported English and Spanish Comfort Levels. 
During in-class observation, students used Spanish occasionally in colloquial contexts 
such as in jokes or chatting. During group work focused on science content, students would 
default to using English. Overall, these results show a lack of significant L1 usage and suggest 
that participating students represent ELLs who have fully transitioned to English in the science 
content domain. This insight into their progress toward dual language proficiency provides a 
basis for the interpretation of results regarding the second and third research questions. 
Research Question 2: Is there any evidence of conceptual sharing/transfer when recall of 
information is performed in both the first and second language? 
 The free-recalls focused on classroom-specific topics learned in English. Because 
Spanish was infrequently used for in-class learning, information recalled during Spanish free-
recalls can be generally assumed to be the result of cross-language transfer. This allows for the 
examination of shared conceptual information that is partially the basis for Cummins’ (1980, 






























 Fourteen students participated in bilingual free-recall sessions. The majority of students 
(10) participated in three sessions, while the rest participated in either two or four sessions (1 and 
3 students respectively). This resulted in total of 44 free-recall narratives in each language. Most 
students could recall and elaborate upon information in both languages with minimal assistance 
from the researcher. At times, the researcher provided Spanish translations of English content 
words that were unfamiliar to the students. After translations were provided, the students were 
generally able to incorporate them freely into their Spanish recalls. In one instance, a student was 
unable to complete recall in Spanish due to a lack of academic Spanish proficiency resulting in 
43 Spanish recalls in the final data set. 
 In practice, identification of overlapping nodes was straightforward and often marked by 
direct translation equivalents. In general, recursive linking was seen when students provided 
details or explanations related to a node. At times, parallel structure and similar details could be 
seen across students’ bilingual narratives. However, there was also considerable variation in the 
content and form of recursive linkages.  
 Paired free-recalls were quantitatively analyzed for overlap using the protocol described 
earlier. To make statistical comparisons, averages were taken across topics for each individual, 
resulting in a sample size of n = 14. Data did not pass tests for normality so the Wilcoxon 
Signed-Rank test, a non-parametric method of comparing two paired groups, was used. These 







Table 6.2        
        









  M SD   M SD   p 
Discourse Units 21.9 7.1  17.1 4.2  0.021
* 
Mean Recursive Linkage Coefficient 1.02 0.17  0.97 0.18  0.221 
Nodes 7.0 2.6  6.1 1.6  0.152 
Proportion Overlapping Recursive Linkages 0.67 0.19   0.76 0.15   0.084 
Note. *p < .05, two-tailed. 
Comparison of Length and Complexity 
English free-recalls were significantly longer than Spanish free-recalls based on number 
of discourse units (p = .021). However, mean recursive linkage coefficients were not 
significantly different (p = .221), indicating similar levels of complexity in both languages.  
Overlap Analysis 
 English free-recalls had a higher average number of nodes (7.05) than Spanish free-
recalls (6.14); however, this difference did not reach statistical significance (p = .152). When 
averaged across languages, node overlap was 66.4%, indicating that about two-thirds of 
mentioned nodes were nodes found in both languages. Recursive link overlap averaged across 
languages was 72.4%, indicating a high degree of elaboration on the same concepts in both 
languages. For recursive overlap measurements disaggregated by language, the percent of 
overlapping recursive linkages was higher in Spanish (76.4%) than in English (68.4%). This 
difference approaches significance (p =.084) and suggests that recursive linking in Spanish was 




 Overlapping nodes and recursive linkages can be graphically displayed to provide an 
intuitive visualization and summary of information. In a node map, nodes are displayed 
sequentially from top to bottom in order of appearance in a set of bilingual narratives. The nodes 
in the center are overlapping nodes mentioned in both languages. The nodes offset to the sides 
are non-overlapping. The size of each node (as measured by area) is proportional to the number 
of recursive linkages connected to that node. For overlapping nodes, the average of recursive 
linkages across both languages is taken.  
 When viewing the node map, larger nodes immediately indicate ideas or concepts with 
greater amounts of elaboration, recall, and organization. Nodes found in the middle column 
suggest which ideas or concepts are more shared across both languages. The sizes of these 
overlapping nodes indicate the degree of sharing. In contrast, nodes offset to the sides 
immediately indicate ideas or concepts confined to only one language’s recall. This suggests a 
stronger association between these nodes and that particular language. Finally, a comparison of 
the number of recursive linkages at the bottom allows for a rough estimate of the degree of 
overlap for each language. In Figure 6.2, the student’s English recall displayed greater overlap 
than the Spanish recall, which displayed greater breadth in terms of nodes and recursive linkages.  
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Figure 6.2 – Node Map.  English, Spanish, and overlapping nodes from a pair of bilingual 
recalls. The size of each node is proportional to the number of recursive linkages represented. 
The number of recursive linkages for overlapping nodes are an average across both languages.  
Overall, bilingual free-recalls provided evidence of recall of knowledge in both 
languages. Given that in-class Spanish usage was low for most students, Spanish recall should 
represent access to knowledge learned in English, a form of transfer. Students elaborated upon 
scientific concepts in Spanish with minimal assistance from the researcher. English recalls were 
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significantly longer; however, mean recursive linkage coefficients were not significantly 
different across languages, suggesting similar levels of organizational complexity.  
Research Question 3: What relationships are observed between various measures of 
language use, language proficiency, academic achievement, and knowledge organization? 
Although sample size was limited, evidence of some important relationships was found. 
English comfort level was positively correlated with knowledge organization in English, as 
measured by English mean recursive linkage coefficients averaged across topics (Spearman’s ! = 
.54, p = .047, n = 14). Self-reported English proficiency showed a similar relationship with 
knowledge organization in English (Spearman’s ! = .53, p = .052, n = 14). The average mean 
recursive linkage coefficients for English and Spanish narratives were positively correlated 
(Spearman’s ! = .60, p = .022, n = 14). Importantly, narrative complexity in English or Spanish 
were not correlated with the science content pre-test or English proficiency exams. This is 
further discussed later in this chapter. Additionally, Spanish narrative complexity was not 
correlated with Spanish comfort level, proficiency, or age of acquisition. A selected summary of 
correlations is presented in Table 6.3. 
Table 6.3       
       
Spearman Correlations with Narrative Complexity         
Variable n 1 2 3 4 5 
1. Science Content Exam  38 -     
2. English Proficiency (self-reported) 38 -.04 -    
3. English Comfort Level 38 -.01 .33* -   
4. Spanish Comfort Level 38 -.33* -.18 -.31‡ -  
5. English Narrative Complexity 14 .18 .53† .54* -.30 - 
6. Spanish Narrative Complexity 14 -.21 .43 .38 -.12 .60* 
Note. *p < .05, †p = .052 ‡p = .055, two-tailed. 
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Free-recall Overlap  
As described earlier, the recursive overlap coefficient reflects the proportion of recursive 
linkages with nodes mentioned in both languages and is taken as an average across languages. It 
quantifies elaboration on ideas shared across languages during free-recall. Inversely, it also 
describes elaboration on ideas recalled in only one language.  
 Recursive overlap was positively correlated with self-reported Spanish proficiency 
(Spearman’s ! = .51, p = .062, n = 14), approaching statistical significance. Conversely, 
recursive overlap was negatively correlated with starting age of Spanish acquisition (Spearman’s 
! = -.53, p = .050, n = 14). Briefly stated, students who began learning Spanish at an earlier age 
with stronger Spanish proficiency displayed greater dual language overlapping elaboration in 
narratives. 
 Several survey questions were found to be strongly correlated with recursive overlap. 
Agreement with “I know many science words in Spanish” was strongly correlated with recursive 
overlap (Spearman’s ! = .84, p < .001, n = 14). Conversely, questions related to classmates’ use 
of Spanish to help each other such as “My classmates use Spanish to help each other” were 
negatively correlated with recursive overlap (Spearman’s ! = -.73, p < .01, n = 14). Table 6.4 








Table 6.4      
      
Spearman Correlations with Recursive Overlap           
Variable n 1 2 3 4 
1. Starting age of Spanish acquisition  38 -    
2. "I know many science words in Spanish" 38 -.45** -   
3. "My classmates use Spanish to help each other”  38 .34* -.26 -  
4. "My classmates use Spanish to explain things to each 
other." 38 .33
* -.12 .80*** - 
5. Recursive Overlapa 14 -.53† .81*** -.73** -.61* 
Note. aRecursive Overlap refers to proportion overlapping recursive linkages averaged across 
languages and topics. *p < .05, **p <.01, ***p <.001, †p = .050, (two-tailed). 
It is important to note here that average mean recursive linkage coefficients, obtained 
with the flow map analyses of cross-sentence linking, in either English or Spanish were not 
substantially correlated with recursive overlap. However, a strong positive relationship for 
Spanish was seen when examining individual data that was not aggregated by topic. That is, 
when looking at all Spanish recalls (n = 43), mean recursive linkage coefficients showed a strong 
positive relationship with recursive overlap (Spearman’s ! =.60, p < .001, n = 43). English 
recalls did not show such a strong relationship (Spearman’s ! =.25, p = .110, n = 43). While the 
lack of independent observations prevents statistical inference, this does provide some evidence 
that narratives with high recursive density in Spanish show greater overlap. More data would be 
needed to investigate this further.   !
English Proficiency Exam  
Although self-reported English comfort level and proficiency on pre-surveys were 
positively correlated with recursive density in English narratives (Table 6.3), the English 
proficiency exam was not (Spearman’s ! =-.09, p = .773, n = 14). This may due to the 
distribution of student results, which showed strong ceiling effects (Figure 6.3). The exam did 
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not differentiate students very well, making it difficult to observe latent relationships. Moreover, 
this may be why the English proficiency exam has no correlation with self-reported English 
proficiency (Spearman’s ! =.09, p = .595, n = 36) or comfort level (Spearman’s ! =.19, p = .280, 
n = 36). Most students self-reported very high proficiency and comfort levels in English resulting 
in little differentiation. 
 
 
Figure 6.3. English Proficiency Exam Distribution. The exam contained 40 questions. The mean 
score was a 79% with a standard deviation was .14. The range was [.2-.95]. 
Science Content Exam  
As mentioned earlier, narrative complexity in English or Spanish were not correlated 
with the science content pre-test (Table 6.3). The aggregation of free-recall data for statistical 
testing resulted in a limited sample size (n = 14). This likely made it difficult to observe latent 
relationships between science background knowledge and measures of recall complexity or 
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overlap. The most salient observation was a strong negative relationship between performance 
on the science content exam and reported Spanish proficiency (Spearman’s ! = -.44, p < .01, n = 
37). Students with strong Spanish backgrounds showed lower background knowledge in science, 
in spite of the bilingual format of the exam. Conversely, top performing students on the pre-test 
tended to report low Spanish proficiency.  
 Summary 
 Survey responses and classroom observation support the view that students in this study 
were generally proficient in English. In-class, Spanish was more frequently used in social 
contexts rather than academic learning. Forty-four paired bilingual recalls were conducted. 
Bilingual narratives displayed similar levels of organizational complexity, despite English recalls 
being longer in terms of discourse length. Students with high self-reported English proficiency 
and comfort displayed more complexly organized recall in English, but this relationship was not 
observed in the parallel Spanish measurements. Overlap analysis revealed a high degree of 
elaboration on the same concepts in both languages, providing evidence of conceptual transfer 
across languages. Students with higher Spanish proficiency displayed higher elaboration on 











 The characterization of the students in this study as fully-transitioned ELLs deserves 
closer attention here. According to survey data, most of the study participants began learning 
English at a young age well before the study took place. Extensive background data was not 
collected, and represents a limitation of the study. However, a sample of five students 
participated in a focus group interview at the conclusion of the study. These students described 
being reclassified into mainstream classrooms and losing designation as ELLs after one to three 
years. 
Their narratives mirror findings from larger studies of ELL reclassification. Slama (2014) 
and Thompson (2015) show that on average, students are reclassified within 3 years and 80% of 
students transition out of ELL status within six years. Reclassification within 4-7 years seems to 
align with estimates of the time necessary to develop academic English proficiency (Hakuta et 
al., 2000; Slama, 2014; Thompson 2015). After being reclassified, students tend to perform 
better than non-reclassified ELLs (Hill, Weston, & Hayes, 2014; Slama, 2014). However, 
reclassified students often still struggle academically and lag significantly behind non-ELL peers 
(Slama, 2014). 
In this study, students took a science content pre-test and post-test. The raw mean on the 
pre-test given mid-year was 33% (n = 37). The raw mean on the post-test was 37% (n = 17). Not 
all students participated in the post-test, and because it was given at the end of the year, student 
fatigue was a potential factor. However, these results seem to suggest that the students still face 
some academic difficulty in science, in spite of oral proficiency in English.  
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Menken and Kleyn (2010), in a study of secondary ELLs in New York City, find that 
such students exhibit social oral bilingual fluency, but struggle in academic areas. They suggest 
that subtractive bilingualism, the emphasis on rapidly acquiring oral English at the expense of 
developing academic skills in the native language, as a potential contributor. In contrast, the 
students in this study were orally bilingual with greater academic strength in English, but still 
seemed to struggle academically. It is not clear how the students’ reclassification may have 
influenced their academic trajectories. Future research focusing on students with stronger 
academic proficiency in their native language combined with more extensive collection of 
background and demographic variables could help resolve this. 
Bilingual Recalls 
 The bilingual recalls represent the elaboration of scientific knowledge on a particular 
topic in both languages. Recall structure is thought to reflect both the dynamic recall process and 
the organization of underlying knowledge (Anderson, 1992, 2009). The recall process is 
influenced by the visual and verbal cues provided. During the protocol, the visual and verbal 
prompts were kept consistent across languages, controlling for their influence the structure of 
recalls. 
Language Dependent Knowledge Access  
Students’ free-recalls showed average mean recursive linkage coefficients of 1.02 in 
English and 0.97 in Spanish. Given previous findings, this can be considered to be average levels 
of complexity for 9th and 10th grade biology students in an urban high school (Bischoff & 
Anderson, 1998). English recalls were significantly longer than Spanish in terms discourse units, 
yet both exhibited similar levels of organizational complexity. This may reflect students’ greater 
access to scientific knowledge when using English.  
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In psycholinguistic studies, increased fluency in a language generally translates into 
faster, more direct access to conceptual information in that language (Dufour & Kroll, 1995). 
However, there is also the matter of distinguishing “what they know” and “how well they know 
it”. At early ages, differences have been found between bilinguals’ home-related and academic 
vocabularies (Bialystok, Luk, Peets, & Yang, 2010). These differences seem to be dependent on 
exposure, and suggest that exposure plays an important role in determining strength and size of 
vocabulary. Here, it is likely that students received greater exposure to English for academic 
science vocabulary at later ages possibly contributing to the observed differences in discourse 
length. Furthermore, because all in-class instruction was in English, Spanish was not a 
significant part of the academic discourse. This also likely contributed to the observed language 
differences in knowledge access. 
Aside from the number of discourse units, English recalls also had a higher average 
number of nodes, but this difference did not reach statistical significance. Such a difference 
would suggest language-specific access to more scientific knowledge. It was also found that 
recursive linking in Spanish was more concentrated on overlapping nodes than in English. In a 
way, Spanish narratives were subsumed by their counterpart English narratives, which displayed 
greater breadth of content and lower overlapping elaboration. 
Executive Functioning across Languages 
 Recursive linking for English and Spanish recalls were positively correlated, and overall 
averages were not significantly different. Because recursive linking is largely dependent on 
frontal lobe executive functioning (Anderson, 2009, 2011; Anderson, Mangels, & Furman, 
2006), this finding suggests consistent executive function in both languages as assessed by flow-
map analysis. This is consistent with a view of executive function where it plays a top-down role 
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in controlling and selecting attention between languages (Bialystok, 2007). According to Fodor 
(1990), propositional structures and relations underpin thought. While these propositional 
structures and relations are language-like, they are fundamentally characteristic of thought in 
general and are not tied to any particular language. This could also explain the consistency in 
organizational structure of recall across languages.  
Underlying Knowledge Structures 
 Bilingual narratives often exhibited parallel structure in their narratives. Students would 
give similar examples, explanations, and details for content items in both languages. How 
parallel structure of recall is influenced by underlying knowledge structures, apart from the 
nature of the visual and verbal cues, is an outstanding question. Research often refers to second 
languages as “parasitic.” That is, the less fluent language is seen to depend on the system and 
structure of the more fluent language, usually through unconscious translation (Gathercole & 
Moawad, 2010; Pavlenko, 2009; Thierry & Wu, 2007). For many students in this study, it is 
possible that Spanish as the weaker academic language exhibited such a dependence on English 
during recall. While recall order was randomly varied to limit language-specific order effects, 
recalled scientific knowledge was likely to be more strongly associated with English. It is 
possible that unconscious translation contributed to strong parallel structure in bilingual recalls 
(Thierry & Wu, 2007). If this is the case, this would limit the inferences made from cross-
language narratives. Further study with students with higher Spanish-language proficiency would 
be helpful here.  
English Proficiency and Achievement 
 Recursive linkage coefficients as measures of knowledge organization have been shown 
to correlate with various measures of higher order thinking skill and academic achievement 
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(Anderson, 2009; Anderson, Randle, & Covotsos, 2001). English proficiency and comfort levels 
were positively correlated with recursive linking for English narratives, but this was not seen in 
the parallel Spanish measurements. This may be reflective of a stronger relationship between 
English proficiency and academic achievement. There is a large body of evidence that shows 
English proficiency for ELLs is well-correlated with various measures of academic achievement, 
including science (Kieffer et al., 2009; MaertenCRivera, Myers, Lee, & Penfield, 2010; Noble et 
al., 2012). However, standardized tests given in English are also assessments of language 
proficiency, making it difficult to distinguish language proficiency and content mastery. 
 In this study, the recalls focused on information learned in English rather than Spanish, 
and participating students had transitioned away from Spanish in academic settings. As a result, 
it is possible that Spanish proficiency and comfort levels were not strongly tied to underlying 
achievement measurements, including recursive linking during free-recalls. Although the science 
content pre-test or English proficiency exam failed to provide further evidence to support this, 
small sample size was likely a limiting factor. Future research with students with higher 
academic Spanish proficiency could help resolve this. 
Recursive Overlap 
 Reported Spanish proficiency did, however, correlate with one important recall 
measurement – recursive overlap. Students with higher facility in Spanish showed greater 
recursive elaboration on the same concepts in both languages. This is what is predicted by 
Cummins’ (1980, 1991) dual-iceberg theory of underlying skills and knowledge. That is, 
students with higher proficiency in Spanish should be able to access shared, underlying concepts 
with greater ease in that language, resulting in more overlap. Moreover, it is also reflective of 
bilingual convergence – that higher proficiency in both language contributes to greater overlap in 
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neurological language representation and semantic access (Frances, 2005; Abutalebi, Cappa, & 
Perani, 2001, 2009). These results align well with current neurological and cognitive theory and 
provide further evidence of methodological validity. 
 English proficiency did not correlate with recursive overlap. This, however, is expected if 
there is asymmetric dominance of English in the science content domain for these students. If the 
difference between English and Spanish academic proficiency is sufficiently large, changes in 
English proficiency level would have an attenuated effect on access to shared knowledge. As a 



















 The results of this study demonstrate the successful application of flow-map analysis in a 
bilingual paradigm, representing a novel method for assessing bilingual knowledge organization 
in the science classroom. As an exploratory study, I have found strong, initial evidence of its 
validity. Survey and observation data describe bilingual students who have fully transitioned to 
English in science. Flow-map results suggest a greater breadth and strength of access to scientific 
knowledge in English. Measures that reflect executive control did not vary by language, and 
recursive overlap increased with proficiency in the weaker language. These findings are in line 
with current cognitive-linguistic theory and offer initial evidence of the method’s validity. 
Study Limitations and Future Research 
 The study did have important limitations which should be addressed in future research. 
Extensive data on background and demographic variables were not collected. Information 
regarding ELL status may help inform on how reclassification influences developments in 
language proficiency, knowledge organization, and achievement in science. More precise 
assessment of language history, such as when students immigrated or the nature of students’ ESL 
or bilingual programs would have informed better on their language acquisition trajectory. 
The small sample size limited the power of the study’s statistical methods. Increasing 
sample size will help future research identify underlying relationships which may have been 
missed here. Finally, this study mainly focused on students with relatively high English 
proficiency, limiting generalizability to students with lower English proficiency which is 
characteristic of many ELL science classrooms. Future research with secondary students who are 
earlier in their transition would provide greater understanding across the spectrum of language 
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acquisition. Research from diverse levels of English proficiency would serve to better inform 
teachers preparing to enter science classrooms with ELLs. This would also provide further 
evidence on the validity of bilingual flow-map analysis.  
Implications in Science Education 
 This study carries important implications in science education. Reclassification seems to 
be a primary end-goal for the large demographic of ELLs emphasized at the outset of this 
dissertation. By investigating reclassified ELLs, this study provides insight into students’ 
cognitive and linguistic developments after they transition to English. Cognitively, students were 
able to demonstrate well-organized knowledge in both languages. Linguistically, recall was 
especially facilitated by high English proficiency. The transition away from Spanish and focus 
on English use in the classroom likely explains the limited breadth of knowledge access in 
Spanish when compared to English. 
 It will be interesting for future research to examine students who transitioned to English 
more slowly or maintained their Spanish in dual-language programs designed to preserve the 
home-language. It is possible that stronger Spanish proficiency may influence knowledge 
organization in both languages, which may lead to higher academic achievement.  
  
The results from this study highlight students’ ability to access underlying conceptual knowledge 
through both languages. It also shows the importance of students’ dominant academic language 
in influencing recall. For ELLs in the United States, acquiring English is an important goal. Their 
academic and eventual marketplace success are highly dependent on their proficiency in English. 
However, research has shown that reclassified students still struggle in science achievement 
(Slama, 2014; Thompson 2015) and there was some evidence to suggest a similar trend here 
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based on pre-/post-test performance. However, the evidence that these students could explain 
their scientific understandings of the scientific topics addressed in their free recall so extensively 
(mean discourse units ~ 20) in both languages, English and Spanish,  is notable evidence that 
bilingual students may have a greater capacity for scientific literacy than sometimes reported 
with other ways of testing, such as paper and pencil tests. 
This raises the question of whether intense focus on language acquisition at the expense 
of content instruction is likely to address both goals of science content learning and language 
acquisition effectively. Competing goals of content learning and language acquisition are likely 
to be in tension with each other for ELLs (Wu, Mensah, & Tang, under review). This tension is 
exacerbated by pressures stemming from the needs of standardized testing in English, and is 
likely to strongly influence decision making around language usage in class. A strong theoretical 
understanding is necessary to guide decision making in a variety of contexts, and a flexible 
approach is likely to be more helpful than whole-sale policy decisions around English use.  
Overall, this research contributes to a more holistic understanding of ELLs in secondary 
science, which span a wide range of language proficiency. It adds to the theoretical base 
supporting secondary science teachers with ELLs. These teachers will find themselves in diverse 
contexts of students’ varying language proficiency and academic background knowledge. This 
study helps to provide a clearer picture of bilingual cognition and learning in these varying 
contexts by strengthening cognitive-linguistic theory underpinning bilingual education research. 
As an interdisciplinary effort, it represents a synthesis of research in bilingual cognition and 
science education, helping to bridge these two fields. This should help hopefully help address the 
ELL achievement gap in these classrooms. This study also provides an example of how an 
interdisciplinary approach may help address complex issues in education. This requires the hard 
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work of synthesizing of research from various fields, but in this case, I believe it has yielded 
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Full Survey Results 
*      
Full$Survey$Results$ ** ** ** ** **








How*comfortable*are*you*using*English?** 1* 1* 1* 5* 30*
How*comfortable*are*you*using*Spanish?** 3* 4* 9* 13* 9*












I*use*Spanish*in*science*class.* 25* 5* 4* 1* 3*
I*use*Spanish*to*explain*something*to*someone*else.* 27* 7* 1* 2* 1*
I*use*Spanish*to*ask*for*help.* 27* 5* 2* 2* 1*
I*use*Spanish*to*explain*something*to*someone*else.* 19* 10* 5* 2* 2*
I*use*Spanish*when*thinking*about*science.* 27* 6* 3* 2* 0*
My*classmates*use*Spanish*to*help*each*other.* 18* 7* 9* 2* 2*
My*classmates*use*Spanish*to*explain*things*to*each*
other.* 15* 10* 7* 2* 4*
My*classmates*use*Spanish*in*correcting*each*other.* 18* 12* 7* 1* 0*
My*classmates*use*Spanish*to*solve*problems*
together.* 26* 9* 1* 1* 1*
My*classmates*use*Spanish*in*social*chatting.* 5* 6* 8* 7* 12*
*      
 
Strongly!
Disagree! Disagree! Neutral! Agree!
Strongly!
Agree!
Using*Spanish*helps*me*in*the*science*classroom.** 14* 13* 5* 3* 3*
Using*Spanish*helps*me*learn*scientific*concepts.* 14* 9* 14* 1* 0*
Using*Spanish*helps*me*understand*ideas*in*science* 12* 11* 10* 5* 0*
Using*Spanish*helps*me*learn*scientific*English.* 13* 13* 8* 1* 3*
Using*Spanish*helps*me*learn*new*words*in*science* 17* 7* 8* 6* 0*
Using*Spanish*in*class*eventually*helps*me*perform*
better*on*science*tests.* 17* 11* 8* 0* 2*
My*teacher*supports*the*use*of*Spanish.** 5* 3* 16* 5* 8*
My*classmates*support*the*use*of*Spanish.** 5* 0* 12* 9* 12*
 108 
In*my*class,*Spanish*is*seen*as*helpful*in*learning*
science.* 10* 9* 11* 5* 3*
I*like*using*Spanish*in*science*class.* 12* 7* 11* 3* 5*
I*want*to*improve*my*Spanish.* 4* 3* 9* 8* 14*
I*feel*comfortable*using*Spanish*in*science*class.* 6* 6* 11* 11* 4*
I*am*confident*when*I*use*Spanish*in*science*class.** 8* 8* 12* 8* 2*
I*know*many*science*words*in*Spanish.** 13* 12* 7* 5* 1*
It*is*easy*to*discuss*science*in*Spanish.** 13* 10* 8* 5* 2*
Note.*Survey*sample*size*was*n*=*38.*Values*are*provided*as*frequencies.*
 
 
 
 
 
